Municipal solid waste incineration (MSWI) is a common technique in treatment of domestic waste. This technique annually produces approximately 25 Mt solid residues (i.e., bottom and fly ash) worldwide which is also a major issue in current research. In this research we are concerned with reusing the fly ash (FA) as supplementary cementitious material (SCM) in concrete. Such application solves the problem with heavy metal immobilization as well. To remove the high content of undesired soluble salts, number of washing treatments has been applied. Chemical composition of FA has been examined before and after treatments. The impact of cement substitution by FA in concrete was evaluated by measurement of its compressive strength and durability.
Introduction
Municipal solid wastes incineration (MSWI) generates millions of tons of residues worldwide every year and these quantities are expected to raise in the near future [1] . The incineration method has been accepted as effective method of dealing with MSW, leading to reduction in quantity of wastes of 65%-80% in weight and up to 90% in volume [2] . In addition, it produces energy from the heat combustion which can be used in different forms [3, 4] . In general, incineration is found to be better than the landfilling [5] ; the heat energy produced by the process of MSW is an important advantage of this method [6, 7] . Bottom and fly ash are the two major by-products of MSWI; approximately 90% of this belongs to bottom ash whereas share of fly ash is only 10% of total ash/air pollution control residues produced. All over Europe, most of the municipal solid waste incineration residues are used in landfilling [8] . Such landfilling shows their negative impact on environment due to improper handling of their hazardous chemicals [9] and leads to the toxicity in soil due to heavy metal like lead and zinc [10] . MSWI ash typically contains various toxic organic substances, heavy metals, and salts particularly in the fly ash. At present, various researches inside and outside of Europe on MSWI bottom and fly ash are focused on safe disposal [11] [12] [13] [14] and their utilization mainly for recycling into construction materials [15] [16] [17] . From time to time, many technologies have been developed for fly ash and can be grouped into two: (i) disposal of a treated (stabilized/solidified) ash and (ii) material recovery/utilization. Many researches have been done in utilization of MSWI fly ash like as a raw material for Portland clinker production [18] , a component for ceramic tiles [19] in pavement asphalt [20] or glass-ceramics [21] , and so forth. Utilization of MSWI fly ash as SCM seems to be its most perspective application.
Supplementary cementitious material (SCM) is a group of natural and man-made materials admixed in concrete to enhance some of its performance characteristics such as strength, workability, and durability. In addition to the environmental benefit provided on using these by-products, SCM can significantly improve the quality of the concrete [22] [23] [24] [25] . Such replacement influences properties of fresh as well as hardened concrete [26] . This utilization of MSWI fly ash as Portland cement substitution [27, 28] improves total required energy for a building construction and also reduces CO 2 emissions generated during the construction works.
Advances in Materials Science and Engineering
The municipal solid waste incineration fly ash is much different from coal fly ash uses worldwide and more complex in composition. MSWI fly ash is considered collective form of FA and APC (air pollution control) residue and called MSWI FA [29] . Fly ash comes from MSWI having mixture of crystalline and amorphous phases; mostly amorphousness is higher than 50% [30] , composed of aluminous silicate with silicate material and sulphates [31] [32] [33] . High concentrations of heavy metals like Zn, Pb, As, Cd, and Hg [34] and those rich in soluble salts (like halite and sylvite) present with organic micropollutants. Studies [34, 35] described that a number of weathering reactions can stimulate mineralogical changes in MSWI FA. These groups of components are considered as hazardous for environment. Such FA can be reused as SCM to substitute the Portland cement (PC) and utilized as binder in building materials only after proper treatment. However, the presence of large amounts of chlorides and sulfates is typical for all MSWI fly ashes and represents the main problem in the utilization of these ashes as Portland cement replacement in cementitious materials. The salts in untreated fly ash cause the increase of setting time and reduction of strength [36] .
Fly ash which comes from MSWI is the most problematic ash due to the high content of possible dangerous substance. Solidification/stabilization (S/S), thermal treatment, and separation are the three renowned methods [37] in treatment of FAs. During solidification/stabilization treatments materials used with physical (specific surface area, porosity, etc.), mechanical (durability, mechanical strength, etc.), and chemical properties are able to immobilize hazardous species originally present in FA. Sulphides [37, 38] , soluble phosphates [31, [39] [40] [41] , ferrous iron sulphate [42] , and carbonates [40] are the major chemical agents used during this treatment of FA. Thermal process leads to melting of ash at high temperature and reducing the volume by 60% or more. Thermal treatment can be performed with [43] or without [44] an additive. The products of thermal treatment are more environmentally stable. In thermal treatment, techniques include microwave, vitrification, sintering, and melting of the FAs. This is the popular method of treatment applied by many researchers [45] [46] [47] [48] [49] [50] in their research. Thermal methods are very efficient to destroy dioxins, furans, and other toxic organic compounds [28, 34, [51] [52] [53] . High amount of energy requirement is the major drawback of these methods [34] . Separation techniques include washing and leaching of the FA by water [54, 55] or by means of more sophisticated multiple step procedures [56] . On applying this method, chlorides can be extracted after solution evaporation and salts may be recovered [41, [57] [58] [59] . Several types of washing technique have been applied in particular for MSWI FA [60] ; they displayed that it is possible to wash FA with water or with an acidic water solution. However, studies have reported that washing methods, using only water, are not very good for salt removal since large quantities of heavy metals (like Pb and Zn) are also released simultaneously [61] . In present work, focus was to evaluate possibility of MSWI fly ash utilization as cement substitute in concrete. Substitutions of fly ash have been done before and after treatment, like direct washing with water and acids, inside and outside of the incinerator.
Materials and Methods
MSWI fly ash was studied in two states which were collected from a MSWI facility in Czech Republic; the first is untreated FA in raw state as collected in APC system of MSWI (denoted by FA-UW). It is mixture of ashes collected from boiler and electrostatic precipitator (ESP). Further several kinds of treated FA were studied: (a) the fly ash was subjected to the following treatment procedures: collecting fly ash from the same incinerator after inside treatment; leaching of FA by means of acid water solution coming from flue gas absorber (this washed ash is called fly ash incinerator washed, denoted by FA-IW); (b) water washing was performed in agitated vessel with L/S (liquid/solid) ratio equal to 5 (denoted by W-5) and water washing with L/S = 10 (denoted by W-10); (c) washing was performed by 0.1% solution of (NH 4 ) 3 PO 4 with L/S = 10 (denoted by WP); (d) washing was performed by diluted HCl at pH 1 and pH 3 with L/S = 10 (denoted by WA-1 and WA-3, resp.). Solid residuum was filtered out and dried. In all cases, particles retained on 125 m sieve were removed since they have been too coarse to act as supplementary cementitious materials. The chemical composition of ashes was checked by XRF device Thermo ARL 9400 XP with a Rh anode end-window X-ray tube type 4GN fitted with 50 m Be window. All peak intensity data were collected in vacuum by help of software WinXRF. The obtained data were evaluated by standardless software Uniquant 4. The particle size distribution was determined by laser diffraction analyser (Fritsch, Analysette 22 MicroTec plus) in ethanol in order to prevent possible hydration processes. Simultaneous TG/DSC thermal analysis was performed by Setaram calorimeter Labsys Evo under inert atmosphere from ambient temperature to 1000 ∘ C. Morphology of ashes was observed by Scanning Electron Microscopy (Jeol JSM 6510). The phase composition of ashes was examined by help of XRD (Panalytical XPert Pro); the phase content quantification was performed by help of internal standard (ZnO).
The untreated and treated ashes were applied as partial substitution of ordinary Portland cement (OPC; CEM I 42.5 R) in mortars ( Table 1 ). The specimens of mortars (160 × 40 × 40 mm prisms) were stored at 100% RH for 28 days and then their bending and compressive strength was measured (ČSN EN 196-1). The influence of ashes on initial and final setting time of standard consistency cement paste was evaluated by Vicat apparatus (EN 196-3) . The resistance of mortars to freezing/thawing action was tested by means of temperature cycling between −20 and 20 ∘ C and subsequent compressive strength determination (ČSN 73 1322).
Results and Discussion
There are six different ways of washing treatment that has been applied in this work on the FA generated by MSWI before use as a SCM. We can combine this washing treatment into three major groups, that is, washed directly by water (W-5 and W-10, collectively called fly ash water washed, denoted by FA-WW), washed by two different chemicals (HCl (at pH 1 and pH 3) and (NH 4 ) 3 PO 4 ) and pH outside the incinerator (WA-1, WA-3, and WP, resp., collectively called fly ash chemically washed, denoted by FA-CW), and washed by the acid water solution coming from flue gas absorber in the incinerator (FA-IW). After implementation of all of the method, comparative observation of chemical composition of treated ashes mentioned in Table 2 was performed. All washing patterns are carried out in a similar way; the basic difference between unwashed FA and washed ashes is decrease of chlorides and alkali metals content. This decline of chlorides content is favorable for setting time of cementitious materials. Concentration of silicate and sulfates ions, as well as of heavy metals, in ashes relatively increased due to dissolution of soluble salts present in untreated ash. The approximate heavy metals contents in FA-WW and FA-CW were also found to be generally higher than FA-UW. Though the washed ashes were proposed to be used as SCM, the efficient immobilization of the present heavy metals was subsequently ensured by cementitious environment itself [62] . Chemical fraction of heavy metals in ashes mentioned in Table 3 was also performed by XRF spectroscopy. Heavy metals like Cr, Cu, Hg, Ni, Cd, Zn, and Pb are the most commonly found in MSWI fly ash; however, Zn and Pb normally exist in the largest amounts compared to other heavy metals.
The washing leads to refinement of ash particles ( Figure 1 ) as a result of disintegration of chlorides which behave as a glue of larger particles agglomerates present in FA-UW. The retroaction of washing on particle size distribution was examined by grading analysis. The simple washing (W-10) constrains just minor particles refinement compared to FA-UW. However, the washed ashes particles were larger than particles of Portland cement (PC) and size of ashes particles was close to standard requirement on pozzolanic admixture (remains on 45 m sieve lower than 40%).
The impact of treated ashes on mortars compressive strength was applied as screening criterion in order to select the most promising way of FA treatment. The possible ability of ashes to replace Portland cement was checked by help of mortars, where ashes were dosed as pozzolanic admixture.
The compressive strength of prepared mortars (Table 1 ) was influenced by admixing of washed ashes (Figure 2) . On performing first testing with FA-UW, that is, untreated ash, on replacement of 20% and 30%, strength came down from 40 MPa to 26 MPa compared to standard whereas 10% shows better results, respectively. FA-WW-W-10 sample shows improvement in results and strengthen, the mortar; W-10 produces outstanding results with 10% of replacement of PC and strength increases more than 40 MPa (more than standard). The determination of phase composition of ashes (Table 4 ) revealed important differences between them; the estimated content of amorphous phase indicated that a pozzolanic reaction can take place. Calcite was obviously not present in acid washed FA-IW. The efficiency of NaCl and KCl removal was higher in acid industrial washing than in laboratory. Very important was the difference in CaSO 4 speciation when the crystallization of basanite was favored by acid environment while the water (brine in fact) washing caused the anhydrite crystallization.
The significance of water washing on the behaviour of fly ash was examined by means of SEM. In Figure 3 (untreated FA), it can be seen that all present species are forming agglomerates due to condensation of salts from flue gas in form of fine crystals. The water washing procedure implies (besides the soluble salts dissolution) also recrystallization of some The morphology of FA-UW was also influenced due to acid leaching. FA-IW is somewhat finer than FA-UW which is also delineated by its higher specific surface and lower 50 ( Table 5 ). The basic physical properties of FA-WW are comparable with FA-IW.
Unwashed ash FA-UW showed highly negative influence on initial and final setting time of fresh cement paste ( Figure 6 ). FA-UW takes more than 10 hours in the final setting. On the contrary of this, the washed sample FA-WW improved remarkably in its parameters; the paste with cement substitution up to 30% got set faster than the control paste. The influence of FA-IW on setting kinetics was relatively neutral. Such big difference was not caused by a different content of retarding heavy metals (Cu, Pb, and Zn) or chloride anion but probably has to be searched in speciation of sulphate anion when anhydrite is dominating in FA-WW, FA-UW contained basanite and anhydrite, and FA-IW contained gypsum and bassanite. The anhydrite itself seems not to be hydration retarder.
The strength of cementitious composites is usually clearly linked to their porosity or bulk density (Figure 7 ). Both FA-UW and FA-IW reduced bulk density by about 5% (at 30% substitution) while in case of FA-WW the reduction was negligible.
The impact of ashes on samples durability was evaluated by means of subjecting mortars to freezing/thawing cycles and determination of their compressive strength (Figures 8,  9 , and 10). Mortars with FA-UW had lower strength than the reference but especially strength of mortar with 20% cement substitution was increased during the experiment due to continuing of hydration process; the strength increase was not reduced significantly by freezing action. The cycling did not cause reduction of strength of particular mortars when compared to their initial (28 days of curing) state. The industrially washed ash FA-IW worked generally as a poor cement substitute. On the other hand, the laboratory water washed FA-WW caused improvement of mortars behavior under freezing cycles; the strength of samples with 20 and 30% OPC substitution was not reduced by cycling.
Conclusion
Chemical and physical characterization of untreated and treated fly ash from a modern MSWI facility was performed from the perspective of their possible utilization as pozzolana. Influence of washing solutions and at different pH on performance of MSWI fly ash as SCM was tested. The best ability to substitute PC showed fly ash washed by pure water (L/S = 10) where particles larger than 125 m were removed by sieving.
The water treatment performed better than acid treatment procedure carried out in incinerator plant. The compressive strength of mortar with this water washed ash used as SCM was reduced just moderately but its resistance to freezing action was improved and the negative influence on setting kinetics observed in case of unwashed ash was suppressed. Unfortunately the washing procedure does not solve the high sulfates' content; only the recrystallization to larger crystals is taking place which means a long-time durability risk. The developed treatment method can be considered as efficient and cheap way of SCM production from MSWI fly ash.
